Using density functional theory combined with a semi-empirical van der Waals dispersion correction, we have investigated the stability of lattice defects including boron vacancy, substitutional and interstitial X (X=H, C, B, N, O) and Σ5 tilt grain boundaries in borophene and their influence on the anisotropic mechanical properties of this two-dimensional system. The pristine borophene has significant in-plane Young's moduli and Poisson's ratio anisotropy due to its strong and highly coordinated B-B bonds.
Introduction
Since the successful synthesis of graphene, 1-3 two dimensional (2D) materials have attracted tremendous attentions due to their novel electronic, optical, thermal, and mechanical properties for potential applications in various fields. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Boron is the element in the left side of carbon in the periodic table, has three valance electrons and forms in at least 16 allotropes with abundant promising properties. Inspired by the fabrication of graphene, several types of 2D boron nanosheets have been proposed theoretically. 16 Until very recently, a new 2D boron sheet, named as borophene, has been grown successfully on Ag(111) surfaces under ultrahigh-vacuum conditions and attracted enormous interest due to their extraordinary anisotropic mechanical, electronic, optical and thermal properties. 17 For example, both experimental and theoretical studies show that borophene shows metallic conduction along x direction while remains semiconducting along y direction ( Figure 1 ). Peng et al. predicted by performing density functional theory (DFT) calculations that the optical properties of borophene exhibit strong anisotropy. It is therefore a promising candidate for future design of transparent conductors used in photovoltaics with its high optical transparency and high electrical conductivity. 18 Mannix et al. found that the in-plane Young's modulus is 170 GPa·nm along y direction, but is as high as 398 GPa·nm along x direction, exceeding graphene's Young's modulus of 340 GPa·nm. 19, 20 With these aspects, borophene is expected to server as important ingredients in future nanodevices.
However, the development of nanoscale electronics has been hindered by the lack of control over the large-scale synthesis of single-crystalline 2D materials. During the material growth, native defects, impurities and extrinsic dopants are inevitably or purposefully introduced. Compared to their bulk counterparts, 2D material defects tend to have more significant influence on their material properties. 19, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] In addition, 2D materials produced so far are typically polycrystalline. Grain boundaries (GBs) play a crucial role in determining mechanical, electrical, optical and magnetic properties, often in connection with performance degradation. For instance, GBs can decrease the electronic and thermal conductance of graphene, [35] [36] [37] enhance or weaken the mechanical strength of graphene. [38] [39] [40] Yakobson et al. reported theoretical evidence that certain types of GBs introduce midgap electronic states and act as sinks for the carriers in single-layer transition metal disulfides. 41, 42 On the other hand, GBs can also be electronically inactive in phosphorene due to the single-element bonding. 33 The weak screening and reduced dimensionality further magnify the GBs effects in 2D systems. 35, 36, [38] [39] [40] [43] [44] [45] To the best of our knowledge, however, little is known about the structure and stability of these defects in borophene. The aim of this paper is to achieve a full understanding of the fundamental features and the influence of lattice defects, including B vacancy, substitutional and interstitial X (X=H, C, B, N, O) defects, as well as symmetric tilt GBs on the mechanical strength of borophene by performing DFT calculations. Our results demonstrate all defects considered in our present study reduce the in-plane Young's moduli of borophene. The adsorption of H or substitution of C for B could cause very negative Poisson's ratio in borophene, and the substitution of C or N for B can significantly increase the Poisson's ratio of the host. The remainder of this paper is organized as follows. In Sec. II, the computational method and details are described. Sec. III presents the calculations of structure and stability of point defects in borophene, followed by the discussion of the role of various point defects on the orientation-dependent mechanical properties of borophene. Sec. IV presents GB results using similar strategy as in Sec. III. Finally, a short summary is given in Sec. V.
Computational Details
Our total energy and electronic structure calculations were performed using the Vienna Ab initio Simulation Package (VASP). 46, 47 The electron-ion interaction was described using projector augmented wave (PAW) method 48, 49 and the exchange and correlation were treated with generalized gradient approximation (GGA) in the Perdew Burke Ernzerhof (PBE) form. 50 A cutoff energy of 400 eV was adopted for the plane wave basis set, which yields total energies convergence better than 1 meV/atom. Considering that the GGA-PBE fails in the description of weakly bound systems such as layered materials where van der Waals (vdW) interactions are the dominant part in the cohesive energy, the vdW interactions were incorporated by employing a semi-empirical correction scheme of Grimme's DFT-D2 method in this study, which has been successful in describing the geometries of various layered materials. 
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On geometry optimization, both the shapes and internal structural parameters of pristine unit-cells were fully relaxed until the residual force on each atom is less than 0.01 eV/Å.
The atomic structure of the monolayer borophene is presented in Figure 1 . One can observe that the B atoms form line-chains along x direction, while the bonds between B in different chains lead to corrugation along y direction. As a result, borophene has a highly anisotropic honeycomb structure with space group Pmmn. For comparison, the B atoms in bottom and top layers are distinguished as green and bule spheres in Figure 1 , and labeled as B1 and B2
respectively. The optimized lattice constants are a=1.63 Å and b=2.82 Å, in good agreement with both experimental and previous theoretical results. 17 The B-B bond length along x is 1.63 Å, 0.2 Å smaller than that along y (1.85 Å). It is therefore expected that B-B bond strength along x would be stronger that that along y. The buckling height h is predicted to be 0.87 Å.
To investigate the influence of point defects on the mechanical properties of borophene, a defect is introduced by adsorbing one X atom (X i ), substituting X for B (X B ) or removing a B atom (V B ) from a 5×3 supercell of borophene which consists of 30 atoms, hence a defect concentration of around 3.3%. Here X can be H, C, N and O which are often either unintentionally or purposefully incorporated during the growth of semiconductors and other two-dimensional materials. For each type of X i defect, four inequivalent adsorption sites are investigated, namely, the center site of a rectangular unit-cell, the top site directly above a boron atom, and the bridge site above the midpoint of a B-B bond along x or y direction.
We label these sites as c, t, b x and b y respectively, as shown in Figure 1 . In view of the fact that the vdW interaction has remarkable contribution to the stability of adsorbate on graphene, even in the chemisorption cases, 54 we expect that the PBE plus DFT-D2 method should also give a more accurate description on the local structure of interstitial defects in borophene. Both the shapes and internal structural parameters of the defective supercells were optimized to reduce the residual force on each atom to less than 0.01 eV/Å. Moreover, we have allowed spin-polarization for defective systems to determine their possible magnetic ground states.
Native point defects and impurities
We begin our investigation by computing the stability of various possible defects in borophene.
We have only considered the charge-neutral defects since the charged defects cannot be stable in a metallic system. The temperature-and pressure-dependent formation energy of a neutral defect is defined as
where E tot (X) and E tot (host) are the total energies of the supercells with and without defect.
n X is the number of atoms of species X added to (n X >0) or removed from (n X <0) the perfect supercell to create defect. µ X is the atomic chemical potential of species X.
Under the standard state pressure P 0 =1 Bar, the temperature-dependent chemical potential of µ X with contributions from enthalpy H and entropy S is expressed as
where µ
is the chemical potential of µ X at the reference temperature T 0 =298.15 K. It is approximately equal to the total energy of per atom at T =0 K, in the most stable elemental phase of X, i.e., O 2 , H 2 , N 2 and graphite for O, H, N and C respectively. ∆µ
is the change in chemical potential from T 0 to temperature T>T 0 . We take the case of nitrogen as an example, the ∆µ
can be calculated by
where the enthalpy H 0 =8.67 kJ·mol −1 and the entropy S 0 =191.61 J·K
at the standard state, namely T 0 =298.15 K and P 0 =1 Bar. We also have ∆H T,P 0 =C
for the constant-pressure heat capacity per diamolecule.
These temperature-dependent parameters can be taken from the thermochemical tables.
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Under other ambient pressures, we have µ
N +k B /2·T ln(P /P 0 ).
57
From the calculated results listed in Table 1 , one can find that V B is the preferable native defect with a formation energy of 0.10 eV at the standard state, more stable than that of 
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We can also find in Figure 2 that in the region far from the defect, the cylinder-like charge density distribution is parallel to the linear B chains (along x -direction). In contrast, charge density near the bonds in the zigzag chains is rather low, further confirming that the bond strength of the latter is weaker than the former. The bond lengths of B1-B1 and B2-B2 near (Figure 2c) . Since H has only one electron, it causes six unsaturated dangling bonds with its nearest-neighboring B atoms. This is the reason why H B is energetically unstable. As can be seen from Figure 2d , the most favorable position for interstitial H is c site, the directly below B1 atom moves towards H i and forms a mixed ionic-covalent bond.
By comparison, the two B1 neighbors are displaced slightly away from this B1 atom and yield an equilibrium B1-B1 distance of 1.73 Å. However, the B1-B2 bonds in the hexagonal ring are further strengthened due to the contribution of partial electrons from H i . Due to the similarity in covalent radius (0.82 Å for B and 0.77 Å for C), the substitution of B with C atom induces only marginal lattice distortion and charge density redistribution around C B atom, as clearly shown in Figure 3a . However, one can find that the calculated formation energy of C B is as high as 2.23 eV at 300 K; whereas the value of O B is -3.02
eV smaller (Table 1) . It should be pointed that the formation energy of X-related defect depends on its atomic chemical potential. 62 This means that borophene can be oxidized more easily than phosphorene. More recently, Alvarez-Quiceno et al. 63 studied the oxidation mechanism of borophene through first-principles calculations and they found that oxidation of the buckled structure could induce the planar structure with an ordered distribution of vacancies.
The adsorption of H on borophene is also exothermic, adding to the environmental instability of borophene once exposed to air. Nevertheless, as can be seen from Table 1 , the calculated formation energy of all extrinsic impurities increases monotonously as the temperature increases from 400 K to 800 K, implying that the concentration of these defects can be suppressed in higher-temperature growth. Interestingly, none of the defects considered in our current study produce any low-symmetry Jahn-Teller distortions, as seen in Figures   2 and 3 . Furthermore, from the charge density distribution plotted in Figure 3 , one can observe that the ionic bonding character becomes more and more significant when changing from C to O element.
Having evaluated the local structure and stability of various point defects, we now investigate the influence of these defects on the mechanical properties of borophene. We have calculated orientation-dependent Young's moduli Y and Poisson's ratio ν. An orientationdependent strain ε(θ) will respond when an uniaxial stress σ(θ) is applied at the angle θ with respect to the x -axis (0
. For a 2D crystal, the relationship between the elastic constants and moduli can be given based on the Hooke's law under in-plane stress condition,
where C ij (i,j =1,2,6) is the in-plane stiffness tensor and is equal to the second partial derivative of strain energy E S with respect to strain ε. Using the standard Voigt notation, i.e., 1-xx, 2-yy, and 6-xy, it can be written as C = (1/S 0 )(∂ 2 E S /∂ε i ∂ε j ), where S 0 is the equilibrium area of the system. Generally, in first-principles calculations, the C ij can be obtained based on the following formula,
where the tensile strain is defined as ε = a−a 0 a , a and a 0 are the lattice constants of the strained and strain-free structures, respectively. Applying uniaxial strain ε applied along x (y) direction leads to ε yy =0 (ε xx =0) and E s = 1/2C 11 ε 2 xx (1/2C 22 ε 2 yy ). It may be worth mentioning here that the dimension was allowed to shrink in the orthogonal direction. Then, the relevant elastic constant C 11 and C 22 can be acquired from the coefficient of the quadratic term by fitting the data of elastic strain energy E s (ε) as a function of strain ε using a quadratic polynomial. Finally, we can obtain E s = (1/2C 11 + 1/2C 22 + C 12 )ε 2 xx when equibiaxial strain is applied. In order to calculate the elastic stiffness constants, the E s as a function of ε in the strain range -2% ≤ ε ≤ 2% with an increment of 0.5% are investigated.
The elastic constants C ij can be obtained by post-processing the VASP calculated data using the VASPKIT code. For the purpose of illustration, we take pristine borophene as an example and present its strain-energy versus strain-curve in Figure 4 . For the orthogonal 2D system, the strain parallel to θ direction ε , and the strain perpendicular to θ direction ε ⊥ induced by the unit stress σ(θ) (|σ|=1) are expressed as,
and
respectively, where s = sin(θ) and c = cos(θ).
Then the expressions for the orientation-dependent Young's modulus Y(θ) and Poisson's ratio ν(θ) are derived as
C 11 s 4 + C 22 c 4 + (
respectively. For a 2D crystal, its shear modulus is G=C 66 . As can be seen from Table 2 and Figure 5a , the calculated orientation-dependent Young's modulus Y(θ) of borophene decreases monotonically from the maximum value of 377 GPa·nm along the x direction (θ=0 • ) to the minimum value of 161 GPa·nm along the y direction (θ=90 • ), in agreement with previous theoretical values of 398 and 170 GPa·nm. 17 The highly anisotropic nature of elastic properties in borophene can be understood from the fact that the B-B bond along x has the highest strength than any other directions. Interestingly, the Posson's ratio ν(θ) first increases to its maximum value of 0.154 at θ≈39
• from a value of 0.005 at θ=0
• , and then decreases to a minimum value of 0.002 at θ=90
• . In contrast,
Mannix et al. reported that borophene structure has an intrinsic negative Poisson's ratio of -0.04 (-0.02) in the x (y) direction by using PBE approach without van der Waals dispersion correction. 17 As pointed out in Sec. II, the incorporation of the non-bonding van der Waals interaction into density functional theory calculations is necessary in order to provide more accurate description of the geometrical properties of two-dimensional materials. As a matter of fact, our PBE calculations reproduce the negative Posson's ratio character for borophene (Table 2) .
We see in Table 2 all the point defects considered will decrease the maximum Young's modulus (i.e., along x direction). However, their influence on Posson's ratio is more complicated. We define the reduction rate of Young's modulus to evaluate the relative changes in
Young's modulus of the defective system,
, where Y M (X) and Y M (host) are the maximum value of Young's modulus of the configurations with and without defect. We classify the defective systems into three groups based on the magnitude of δ. Table   2 and Figures 5c and 5d . The Young's modulus of borophene is decreased by around 6 % along x direction with a disordered V B distribution; while with a clustered V B distribution it is lowered by 20 % compared with the system in which V B are uniformly distributed. As expected, recent theoretical studies predict that the concentration of V B has an important effect on the mechanical anisotropy properties of borophene.
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C. δ>30% in x direction for N i and O B defects. Interestingly, these two types of defects have negligible effects on the Young's modulus along y direction. Since both N i and O B have In Figures 8a and 8b we display two symmetric tilt Σ5 grain boundaries in borophene and denote them as GB1 and GB2 respectively. As illustrated in Figure 1 , the GB1 and GB2 structures can be made by applying a mirror-reflection operation on the unit cell shadowed in blue and red colors. The axis of symmetry are k and m, the angle θ of these axis relative to the x -axis are 120
• and 30
• respectively. Their GB tilt angles α are 120
• and 60
• respectively.
To describe the stability of GB structure, we define the GB formation energy as
where E tot (X) and E tot (host) represent the total energies of a GB supercell and a supercell of perfect lattice with the same size. L is the length of the supercell along the grain boundary.
The calculated GB formation energies are 0.16 eV/Å for GB1 and 0.06 eV/Å for GB2.
In Figure 8 , one can see that the valence charge densities accumulate in the region of GB2
while there is no significant change accumulation near the GB1. As a result, the B1-B2
bond strength near GB2 is stronger than that near GB1. For this reason, it is expected that the GB2 dominates over GB1 in borophene. that the B1-B2-B1-··· like zigzag chain along the k axle is parallel to these two directions.
The changes in the structure of zigzag chain are extremely small upon the introduction of GB1 or GB2. Therefore, both GBs have little effect on the mechanical properties along or cross the GB directions.
Summary
In conclusion, we have investigated the stability of lattice defects as well as their influence on the mechanical anisotropy of borophene using density functional first-principles calculations including van der Waals correction. We find that the formation energies of point defects, B vacancy, interstitial H, interstitial N, substantial O and interstitial O are less than 0.3 eV at room temperature. In addition, we have also examined two high angle tilt grain boundary structures whose formation energies are as low as 0.16 eV/Å and 0.06 eV/Å. These point defects can derease severely the in-plane Young's moduli of borophene at high concentraion.
Our results demonstrate borophene has high chemical activity and is not stable in the air, and this drawback has to be overcome before its real applications. It is also found that the substitution of C or N for B can significantly increase the Poisson's ratio and the adsorbed H or substitutional B can bring about negative Poisson's ratio in borophene. The two grain boundaries, on the other hand, exert only limited influence.
